Abstract Sequential control applied to the International Thermonuclear Experimental Reactor (ITER) poloidal field converter system for the purpose of reactive power reduction is the subject of this investigation. Due to the inherent characteristics of thyristor-based phase-controlled converter, the poloidal field converter system consumes a huge amount of reactive power from the grid, which subsequently results in a voltage drop at the 66 kV busbar if no measure is taken. The installation of a static var compensator rated for 750 MVar at the 66 kV busbar is an essential way to compensate reactive power to the grid, which is the most effective measure to solve the problem. However, sequential control of the multi-series converters provides an additional method to improve the natural power factor and thus alleviate the pressure of reactive power demand of the converter system without any additional cost. In the present paper, by comparing with the symmetrical control technique, the advantage of sequential control in reactive power consumption is highlighted. Simulation results based on SIMULINK are found in agreement with the theoretical analysis.
Introduction
International Thermonuclear Experimental Reactor (ITER) [1] is a scientific and engineering project under construction in the south of France in order to demonstrate the feasibility of fusion energy for peaceful uses. ITER poloidal field (PF) converter system [2−4] , as a subsystem of the ITER machine, is of significant importance for plasma control in vertical and horizontal directions. There are six PF superconducting coils embedded in the ITER machine that are fed by 16 sets of converter modules, each of which is designed to produce DC voltage and DC current rated for ±1.05 kV /±55 kA. The requirement and assembly pattern are shown in Table 1 , in which it is indicated that PF1 and PF6 are respectively supplied by two converter modules in a series, and PF2-PF5 respectively by three in a series.
Due to the inherent characteristic of thyristor phase-controlled converters, a huge amount of reactive power [5] is required by the PF converter system during normal operation, especially at the flap top phase of plasma current because of the high current and low voltage output in this period. To solve this problem, a set of static var compensator (STATCOM) [6] rated for 750 MVA is installed at the 66 kV busbar to provide the required reactive power to the grid. Sequential control [7−10] of the multi-series converters is also an effective method to improve the natural power factor of ITER PF converters thus to alleviate the pressure of reactive power demand from the grid. It plays a supplementary role in improving the performance of the converter system without adding any cost. This paper mainly describes the principle of the sequential control strategy for more than one converter module in a series. Simulations based on SIMULINK are performed to verify the theoretical analysis. The series connection of two six-pulse converter modules is shown in Fig. 1 . V total is the total reference voltage obtained from the master controller. V 1 , V 2 represents the reference voltage for converter modules #1 and #2, respectively. U d1 and U d2 are the output voltages of the converter modules; U d is the total output voltage. Each converter is supplied by one single transformer. Fig. 2 illustrates the principle of the symmetrical and sequential control method for two six-pulse converters in a series upon the reactive power consumption. Consider ideal conditions by ignoring the commutation overlap angle brought by leakage inductance of converter transformer. In the symmetrical case, to output the required dc voltage, each six-pulse converter shares half of the total reference voltage.
where, V d0 is the ideal no-load voltage at the DC side; α is the firing angle. If the rated capacity of a single converter is S N , the reactive power of each six-pulse converter is,
The power diagram of symmetrical control mode is shown in Fig. 2 (a) and (c), in which α 1 = α 2 = α. Semicircle AB indicates the reactive power demand. When V total =0, the reactive power consumption reaches the maximum, i.e. Q p.u. =1, because α 1 = α 2 = α=90
• . In sequential control mode, one of the six-pulse converters will be fully advanced or fully retarded, and the other one provides the rest of the reference voltage. Two cases are analyzed, as shown in Fig. 2 (b) and (d). 
Case 2: V total < 0
Thus,
Once the firing angle of a six-pulse converter module is fully advanced or fully retarded [9] , it means that this converter will not consume reactive power, only consume or regenerate active power from or to the grid. The power diagram of the reactive power consumption is shown in Fig. 2 (b) and (d). Semicircles AO and OB indicate the reactive power demand with sequential control. Compared to that of symmetrical control, the reactive power demand is greatly reduced, especially when V total =0, the reactive power consumption reaches the minimum, i.e. Q p.u. = 0.
In practical cases, leakage inductance exists in the converter transformer. If the impact of factors such as commutation overlap angle and load current on the reactive power is considered, the reactive power consumption of each six-pulse converter will be,
where, i=1, 2, which represents the two six-pulse converters in a series; Q i is the reactive power consumption, α i and γ i are respectively the firing angle and the commutation overlap angle; I d is the load current. The total reactive power consumption is the sum of Q 1 and
The range of the firing angle is also limited by different factors, such as converter transformer impedance, commutation overlap angle and load current [10] , so the six-pulse converter modules are not allowed to be triggered with a firing angle of 0
• or 180
• . According to the design requirement of the ITER PF converter system, each converter module is anticipated to output dc voltage rated for ±1.05 kV. In this way, the voltage allocation principle of sequential control is illustrated in Fig. 3 . The reactive power diagram is shown in Fig. 4 when the load current is equal to the rated value. 
Three converters in series
The topology of three six-pulse converters in a series is shown in Fig. 5 . The total reference voltage is allocated to the three converter modules. V 1 , V 2 , and V 3 represent reference voltages for converter modules #1-#3, respectively. U d1 , U d2 , and U d3 are the output voltages of the converter modules.
Fig.5 Three converter modules in a series
For convenience of analysis, the impact of converter transformer inductance is neglected; in a symmetrical control case, each converter module shares 1/3 of the total reference voltage.
The reactive power consumption of each six-pulse converter is,
Fig . 6 illustrates the principle of the symmetrical and sequential control method for three six-pulse converters in a series upon the reactive power consumption. The power diagram of three converter modules in symmetrical control mode is shown in Fig. 6(a)-(c) . Semicircle AB indicates the reactive power demand. When V total =0, the reactive power consumption reaches the maximum, i.e. Q p.u. = 1, because at this moment,
• . In sequential control mode, two of the three six-pulse converters will be fully advanced or fully retarded so as to reduce the reactive power consumption. As shown in Fig. 6(b) , (d), (f), semicircles AC, CB, BA indicate the power diagrams of three series converters in sequential control mode. Case 1: V total > 1/3
).
(17)
• .
Case 3:
In practical cases, the impact of factors such as the commutation overlap angle and the load current on the reactive power consumption should be considered, so the range of firing angle is limited so that the six-pulse converter modules are not allowed to be triggered with firing angle of 0
• . With Eq. (9), the reactive power consumption could be calculated. The total reactive power is the sum of Q 1 , Q 2 and Q 3 .
(22) Fig.6 Power diagrams of three-converter in a series
The voltage allocation principle of sequential control is shown in Fig. 7 . Based on Eq. (22), the reactive power diagram is illustrated in Fig. 8 . Fig.7 Voltage allocation method of sequential control for three-converter in a series 
Simulation results
The schematic diagram of the simulation model of three series converter units is shown in Fig. 9 . Simulations are performed based on SIMULINK to verify the effectiveness of sequential control applied to multiseries converters for the purpose of reducing the reactive power consumption of the converter system. In the simulation, the load current is replaced by a 27.5 kA DC current source, which is the rated value of ITER PF converters. The reactive power consumption is measured at the 66 kV busbar where the fundamental waveform is easier to be defined. The measured value mainly represents the fundamental waveform reactive power. When the simulation is performed, the reference voltage varies from −3.15 kV to 3.15 kV. In the case of two series converters being simulated, the reference voltage varies from −2.1 kV to 2.1 kV. The voltage allocation method is described above. Meanwhile, symmetrical control simulations are also made for a sharp contrast with sequential control.
From the simulation results, as illustrated in Fig. 10 , it is obviously observed that, in symmetrical control mode, the reactive power consumption reaches maximum when the active power consumption approaches zero. On the contrary, reactive power consumption be- Fig.10 Simulation results in the type of P &Q map comes much lower in the case of sequential control. For two six-pulse converters in a series, in symmetric control mode, the peak reactive power is as much as 82 MVar; whereas in sequential control mode, the value is 55 MVar, about 25 MVA reactive power being saved. In the case of three six-pulse converters in a series, the reactive power consumption is respectively 120 MVar and 95 MVar when active power approaches zero. These results subsequently demonstrate the great advantage of sequential control in improving the natural factor of multi-series converters, thus reducing reactive power consumption.
In addition, it is necessary to note that the firing angle is limited by many factors such as the leakage inductance of transformer and stray parameters at the ac busbar, which ultimately results in a commutation overlap angle that means the firing angle cannot open to 180
• . In the ITER case, the range of the firing angle of the PF converter under rated condition is (15
• -135 • ), which should be taken into account in the evaluation of the performance of sequential control.
Conclusion
Compared to symmetrical control, sequential control effectively reduces the reactive power consumption without any additional cost. The key point of sequential control is to allocate the reference voltage obtained from the master controller to the series converter modules in a reasonable way.
The effect of sequential control is subjected to some practical restrictions of normal operation, such as the range of firing angle, which is limited by converter transformer impedance, the commutation overlap angle and the load current. In that case, the firing angle of thyrister the converter could not be fully advanced or fully retarded. Based on the design requirement of the ITER PF converter system and limitation of the firing angle, a sequential control strategy is proposed. Using this method, as much as 28.8% reactive power consumption can be saved. The theoretical analysis and simulation results are found in agreement, which indicates the advantages of sequential control in reducing reactive power consumption.
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